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Abstract. Agegraphic dark energy, has been recently proposed, based on the so-called 
Karolyhazy uncertainty relation, which arises from quantum mechanics together with general 
relativity. In the first part of the article we study the original agegraphic dark energy model 
by including the interaction between agegraphic dark energy and pressureless (dark) matter. 
The phase space analysis was made and the critical points were found, one of which is the 
attractor corresponding to an accelerated expanding Universe. 

Recent observations of near supernova show that the acceleration of Universe decreases. 
This phenomenon is called the transient acceleration. In the second part of Article we consider 
the 3-component Universe composed of a scalar field, interacting with the dark matter on 
the agegraphic dark energy background. We show that the transient acceleration appears in 
frame of such a model. The obtained results agree with the observations. 
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1 Introduction 

Nowadays it is strongly believed that the Universe is experiencing an accelerated expansion, 
and this opinion is supported by many cosmological observations such as SNe la [1], WMAP 
[3], SDSS [5] and X-ray [7]. These observations suggest that the Universe is dominated 
by dark energy with negative pressure, which provides the dynamical mechanism for the 
accelerating expansion for the Universe. 

The simplest candidate of dark energy is a tiny positive cosmological constant. However, 
as is well known, it suffers from the so-called cosmological constant [8] and coincidence 
problem [9]. The cosmological constant problem is essentially a quantum gravity problem, 
since the cosmological constant is commonly considered as the vacuum expectation value 
of some quantum fields. Since a completely successful quantum theory of gravity is still 
unavailable, it is more realistic directly to combine quantum mechanics with general relativity. 

Although the nature and origin of dark energy could perhaps understood by a funda- 
mental underlying theory unknown up to now, physicists can still propose some paradigms 
to describe it. In this direction we can consider theories of modified gravity [11, 12], or field 
models of dark energy. The field models that have been discussed widely in the literature 
consider a cosmological constant [13], a canonical scalar field (quintessence) [15], a phantom 
field, that is a scalar field with a negative sign of the kinetic term [17, 19]. 

However, we still can make some attempts to probe the nature of dark energy according 
to some principles of quantum gravity although a complete theory of quantum gravity is not 
available today. The holographic dark energy model is just an appropriate and interesting 
example, which is constructed in the light of the holographic principle of quantum gravity 
theory [20-22]. Before a completely successful quantum theory of gravity is available, it is 
more realistic to combine quantum mechanics with general relativity directly. 

Following the line of quantum fluctuations of spacetime, in Refs. [24-26, 35], we use the 
so-called Karolyhazy relation [23] 

st = /?tW/ 3 , (i.i) 
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where j3 is a numerical factor of order one, t p is the reduced Planck time, and throughout 
this paper, we use the units c = h = kb = 1, so that one has l p = t p = 1/M p with l p and M p 
being the reduced Planck length and mass, respectively. 

The Karolyhazy relation (1.1) together with the time-energy uncertainty relation enables 
one to estimate a quantum energy density of the metric fluctuations of Minkowski space- 
time [25, 26, 35]. With the relation (1.1), a length scale t can be known with a maximal 
precision St determining a minimal detectable cell <5 3 over a spatial region t 3 . Thus one is 
able to look at the microstructure of space-time over a region i 3 by viewing the region as the 
one consisting of cells St 3 ~ tpH. Therefore such a cell St 3 is the minimal detectable unit of 
space-time over a given length scale t and if the age of the space-time is t, its existence due 
to the time-energy uncertainty relation cannot be justified with energy smaller than ~ t~ l 
. Hence, as a result of the relation (1.1), one can conclude that if the age of the Minkowski 
space-time is t over a spatial region with linear size t (determining the maximal observable 
patch) there exists a minimal cell St 3 , the energy of the cell cannot be smaller than [24, 26, 35] 

Est* ~ t~\ (1.2) 

due to the time-energy uncertainty relation, it was argued that the energy density of metric 
fluctuations of Minkowski spacetime is given by 

^ ~ ~ ~ (L3) 

In [26] (see also [35]), it is noticed that the Karolyhazy relation naturally obeys the 
holographic black hole entropy bound [29]. It is worth noting that the form of energy density 
eq. (1.3) is similar to the one of holographic dark energy [32, 34], i.e., pa ~ l~ 2 l~ 2 . The sim- 
ilarity between p q and p\ might reveal some universal features of quantum gravity, although 
they arise from different sources. As the most natural choice, the time scale t in eq. (1.3) is 
chosen to be the age of our Universe. Therefore, we call it "agegraphic" dark energy [35]. 

There are many variations of models with agegraphic dark energy (ADE) to solve most 
problems of SCM. Particularly, various articles consider the possibility of interaction of this 
kind of dark energy with dark matter [37, 39]. 

Some authors have recently suggested that the cosmic acceleration have already peaked 
and that we are currently observing its slowing down [40-42]. Under a kinematic analysis of 
the most recent SNe la compilations, in the paper [42] shows the existence of a considerable 
probability in the relevant parameter space that the Universe is already in a decelerating 
expansion regime. 

We does not know works, which investigated the possibility to explain this phenomenon 
in the framework of ADE model. Thus, it is interesting to consider the model with the inter- 
acting dark energy, for transient acceleration. Typically, in models with transient acceleration 
the role of dark energy played by scalar field, non-monotonic dynamics of which provide the 
necessary dependence of deceleration parameter. In our work we made an attempt to combine 
the scalar field model with agegraphic dark energy. 

The paper is organized as follows: in the next section we consider the dynamic features 
of the standard agegraphic dark energy interacting with the substance with an arbitrary 
equation of state w. In section 3 we investigate a new quintessence scenario driven by a 
rolling homogeneous scalar field in the exponential potential interacting with dark matter on 
the agegraphic background. It will be shown that this scenario predict transient accelerating 
phase. Consistency of these models with the observational data will be shown in Sees. 4. 
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2 Review on the interacting ADE 



In this Section we consider the dynamics of the three component Universe, which consists of 
ADE, dark matter and radiation. Since the nature of dark energy is not fully known, we can 
assume that the dark energy and dark matter interact. The energy density of ADE is given 
by [35] 

•in 2 Ml 

P, = (2-1) 
Here M p = (87rG) -1 / 2 and T is chosen to be the age of our Universe 

where a is the scale factor of our Universe, H = a/a is the Hubble parameter and the dot 
denotes the derivative with respect to cosmic time. 

Considering the flat Friedmann-Robertson- Walker Universe with the agegraphic dark 
energy and substance with an arbitrary equation of state w and energy density p w , the 
corresponding Friedmann equation is 

H 2 = ^(p q + p w + p y ). (2.3) 
The conservation laws of the ADE and matter are respectively [37] 



p w + 3F(1 + w)p w = Q, 

p q + 3H(l + w q )p q = -Q, (2.4) 
p 7 + W Pl = 0, (2.5) 

where Q denotes the phenomenological interaction term. Note that the interaction is 
introduced in the form that satisfies covariance of the total energy momentum tensor. In the 
literature most often one can find the fallowing forms of interaction [37, 38, 43-45, 54, 55] 

Q = SaHpg, 3PHp w , 3~fH(p w + p q ), (2.6) 

where a, (3 and 7 are positive constant parameters. We consider the most general of above 
cited types of interaction 

Q = 3H(a Pq + pp w ). (2.7) 
2.1 A phase-space view on the interacting ADE 

In this section, we investigate the global structure of the dynamical system via phase plane 
analysis and compute the cosmological evolution by numerical analysis. We introduce the 
following variables: 

1 y = ™/¥. z=J=M. (2.8) 



MpH V 3 ' a M p H V 3 M P H 



Taking the derivative of both sides of the Friedman equation (2.3) with respect to the loga- 
rithm of the scale factor, iV = In a, and using eqs. (2.4), it is easy to find that 

^ = ~ ((i + + (i + W )v 2 + \A ■ (2.9) 
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Using (2.8) and (2.9) the governing equations of motion (2.4), (2.1) could be reexpressed as 
the following system of equations: 



where 



3*Z^ ^ 

x' = —f(x,y,z) , 

2 n 

y> = ^f( X ,y, Z )-^(l+w)y, (2.10) 

3z 

z' = —f{x,y,z) - 2z, 



2 4 
f(x, y, z) = —x 3 - ax 2 + (1 + w - (3)y 2 + -z 2 
in i 



and the prime denotes a derivative with respect to the logarithm of the scale factor, N = In a. 
The first Friedmann equation can be written as 

x 2 + y 2 + z 2 = l. (2.11) 

Since it is limited by the condition p > to the circle x 2 + y 2 + z 2 < 1 , we limit the analysis 
only to the quarter of unitary sphere of positive x,y,z. 

The state parameter w q for the agegraphic dark energy could be expressed in terms of 
the new variables as 

2 R y 2 

— x — p — 

3n x l 



w q = -l-a + —x-P^. (2.12) 



The total equation of state parameter is given by 

Ptot P q + Pw+P 1 w q x 2 + wy 2 + \z 2 
wtot — — : : - o - ^ — — 2 • \ lA6 > 

Ptot Pq + Pw + Pj X Z +y Z + Z l 

For completeness, we give the deceleration parameter 

Combining it with the Hubble parameter and noting that H = H'H we obtain the decelera- 
tion parameter in terms of the (2.8) variables 



-^-x 3 + ax 2 + (1 + w - (3)y 2 + \z 2 
in S 



(2.15) 



It is worth noting that in the absence of interaction between agegraphic dark energy and dark 
matter, a = /3 = 0, from eq. (2.12) we see that w q is always greater than —1. In addition 
the condition n > 1 is necessary to derive the present accelerated expansion. However, the 
situation change as soon as the interaction term is taken into account. 

In interacting agegraphic models of dark energy, the properties of agegraphic dark energy 
are determined by the parameters n, a and /3 together. 
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Figure 1. The phase plane for n = 3, a = 0.25 and /? = 0.1. The late-time attractor is the scaling 
solution with w 0.86, y» « 0.26 (f^* « 0.74, Q m * sa 0.26). 

Table 1. Location of the critical points of the autonomous system of eqs. (3.4), their stability and 
dynamical behavior of the Universe at those points. 





Stability 


q 


W q 


coordinates 


character 






(0,0,1) 


unstable 


l 


-I -a 


(0,1,0) 


unstable 


-1 + |(1 + w-p) 


t 


(x*,y*,o) 


attractor 


q* < 





2.2 Phase plane analysis 

As said above, the motivation for interacting agegraphic models is to solve or, at least, 
ameliorate the coincidence problem. The goal will be achieved if the system (2.10) presents 
scaling solutions. As already discussed, scaling solutions are characterized by a constant dark 
matter to dark energy ratio r = y 2 /x 2 . It is easy to find that 

r' = 3a - 3(1 + w - (3 - — x)r (2.16) 

3n 

The scaling solutions mean r' = 0, as a result r„ = a(l + w — (5 — On the other 

hand in this mode x' = y' = 0, z ~ and we obtain from the first equation in (2.10) that 

x, = \ (~b + Vb 2 + 4) , (2.17) 

where b = lp ((1 + w — (3)r t — a) . For the case shown in figure 1, we find r„ ~ 0.353 and 
accordingly x t ph 0.86. 

Even more important are those scaling solutions that are also an attractor. In this 
way, the coincidence problem gets substantially alleviated because, regardless of the initial 
conditions, the system evolves toward a final state where the ratio of dark matter to dark 
energy stays constant (see figure 1). The location of attractor, as shown above (2.17), depends 
on the values a and (3. The simplest finite critical points and their properties for this model 
are summarized in Table 1. 
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Figure 2. Behavior of f2 7 (dot line), Vt m (dash dot line) and fl q (solid line) as a function of N = In a 
for n = 3, j3 = 0.1 and a as indicated. 
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Figure 3. Behavior of deceleration parameter q as a function of In a for /3 = 0.1 and a as indicated. 

The first critical point, (0, 0, 1), is unstable and corresponds to the radiation dominated 
era. The other point, (0,1,0), is physically unrealistic. It corresponds to a Universe filled 
with matter with parameter of state w (it contains neither radiation, nor dark energy) and it 
is also unstable. Finally, the third critical point, (a;*, y*, 0), is stable and in a natural way, the 
dynamical evolution of the Universe asymptotically approaches this attractor, a never-ending 
phase of accelerated expansion, in which the energy ratio r = y 2 /x 2 remains constant (for 
a 0). To conclude, the succession of expansion eras in the model under consideration can 
be summarized as follows: if the initial conditions satisfy zq > xq ^ 0, then after the initial 
radiation dominated era, the Universe might have gone through a very short period of matter 
domination with state parameter w (if any) corresponding to an unstable critical point, to 
finally asymptotically approach a regime with a constant dark matter to dark energy ratio, 
at late times, in the accelerated expansion era. Note that if initially the Universe does not 
contain dark energy then in the further evolution of dark energy does not exist. This fact 
is the fundamental difference from the models, in which the role of dark energy is played by 
scalar field [50]. 

In figure 2, we show the evolution of Q q , £l m and f^ 7 for different model parameters a 
in the case of w = and f3 = 0.1. It is easy to see that for the fixed /3, which describes the 
decay dark matter to agegraphic dark energy, increasing the value of the parameter a leads 
to increase in the contribution of the relative density of dark matter 

In figure 3 we show the evolution of the deceleration parameter q as a function of 
N = In a for j3 = 0.1 and a as indicated. The key distinction of this model is that the 
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accelerated expansion of the Universe at late times is inherent even in the case when the 
phase of dark energy dominance does not occur. 



3 The model of interacting dark energy with a transient acceleration phase 

Recent investigations seem to favor the cosmological dynamics according to which the acceler- 
ated expansion of the Universe may have already peaked and is now slowing down again [41] . 
As a consequence, the cosmic acceleration may be a transient phenomenon. One of the first 
on the possibility of a transient acceleration drew attention J. D. Barrow [40]. In his work 
he showed that in many well-motivated scenarios the observed spell of vacuum domination 
is only a transient phenomenon. Soon after acceleration starts, the vacuum energy's anti- 
gravitational properties are reversed, and a matter-dominated decelerating cosmic expansion 
resumes. This was achieved by considering the dark energy in form of scalar quintessence 
field ip defined by its self-interaction potential V{ip). The potential of the scalar field in this 
case is the product of exponential and quadratic potentials. 

The possible cosmological roles of exponential potentials have been investigated before, 
but almost always as a means of driving a period of cosmological inflation [51, 52]. This 
requires potentials that are much flatter than those usually found in particle physics models. 

In this section, we follow the latter route and investigate a new quintessence scenario 
driven by a rolling homogeneous scalar field with exponential potential V{(p) interacting with 
dark matter on the agegraphic background. This scenario predicts transient accelerating 
phase. 

To describe the dynamic properties of such a Universe will adapt the system of equations 
(3.4) for this model. We introduce the modified variables: 



<p 1 V(<p) 1 fprn 1 Ip, 



V6M P H' * M p H\ 3 ' M p H\J 3' M p H \ 3 



The evolution of the scalar field is described by the Klein-Gordon equation, which in 
the presence of matter couplings is given by 

<p + 3Hip + ^- = (3.2) 

dip ip 

In this section, we consider interactions Q that are linear combinations of the scalar field and 
pressureless matter: 

Q = 3H(ap v + (3p m ), (3.3) 

where a, f3 are constant parameters. 

Without specifying the potential of the scalar field V(<p), we obtain the system of equa- 
tions in the form 



y' = y 9 ( x,z,u ^ ~ \ j\ Xxy ' ( 3 - 4 ) 

, 3n \ u 2 

u = -Tr9{x,z,u) , 

2 n 
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where g(x, z, u) = 2x 2 + z 2 + ^r^ 3 and 



7 



Q 



A = 



1 dv 
V~cbp p ' 



In these variables, we obtain 



Q = 9H 3 M 2 [a(x 2 + y 2 ) + (3z 3 
aix 2 + y 2 ) + /3z 3 



We will consider a scalar field with an exponential potential energy density 



where \x is a constant. In this case we obtain 



3:r 

T 

% 

2 

T 



g(x,z,u) 



a{x 2 + y 2 ) + /3z 2 



g(x,z,u) + nxy, 

■ a(x 2 + y 2 ) + /3z 21 
5(x, z, n) H 



3x - jxy 



, 3u u 

u = -7T9{x,z,u) . 

2 n 

In this model the deceleration parameter has the form 



-1 + 



2x 2 + z 2 + 



3n 



(3.5) 



(3.6) 



(3.7) 



(3.8) 



(3.9) 



Note that in this model, the cosmological parameters are not explicitly depend of the param- 
eters of interaction, but only determine by the behaviors of dynamical variables. This fact 
complicates the analysis of our model. 

The fact that q is independent of the interaction term implies that the region of phase 
space is the same for all of the models considered. It is possible to make some qualitative 
comments about the system (3.8) for some special cases. 

Initially, considering the case, y = 0, we obtain the constraining relation, which should 
be imposed on the parameters of interaction for the emergence of critical points. It is easy 
to show that in this case, the condition of real energy density requires 



2i/£ > 1 + a + P, 



(3.10) 



which necessarily requires > /3 > a, \a\ + \/3\ < 1. This critical point corresponds to the 
matter-dominated Universe and is unstable. The cases of several such points are possible, 
but they are of no interest. Finally, it can be shown that any of this equilibrium point within 
(but not on) the boundary will exist for xq < 0. For z^O and constrain satisfied (3.10), it 



.7 . r 



1/2 

a + V p/a ) + a 



(3.11) 



where a = 2y//3/a - (1 + a + 0) 



1/4 
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Table 2. Location of the critical points of the autonomous system of Eqs. (3.8), their stability and 
dynamical behavior of the Universe at those points. 



(x c ,y c ,z c ,u c ) Stability q w to t 

coordinates character 



(1,0,0,0) 


unstable 


2 1 
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(0,1,0,0) 


unstable 


-1 -1 


-1 


(0,0,1,0) 


unstable 


\ * 





(0,0,0,1) 


stable 




-! + ^ 




unstable 


\ a 





(*£* 5 y* i ^* ) 


attractor 


q* < 


Wtot* 



3.1 Review of the case Q = 

In this subsection we consider in more detail the case of absence of interaction between the 
scalar field and dark matter. Critical points of the system (3.8) in this (a = f3 = 0) case 
are given in the Table 2. As can be seen from the table, the system (3.8), there are six 
physically admissible critical points, the latter of which is the attractor. The first critical 
point, (1, 0, 0, 0), is unstable and corresponds to the scalar field dominated era with extremely 
rigid equation of state, the second critical point corresponds to the period of evolution when 
the scalar field behaves as a cosmological constant. The other point, (0, 0, 1, 0), is physically 
unrealistic. It corresponds to a Universe filled with dark matter (it contains neither scalar 
field, nor agegraphic dark energy) and it is also unstable. Fourth critical point (0, 0, 0, 1) 
correspond to the Universe consisting only of the agegraphic dark energy and has already 
been discussed in detail. 

The physical interest present the final sixth critical point, which is the an attractor. 
It corresponds to the Universe consisting of a scalar field and agegraphic dark energy. The 
location of this critical point is completely determined by the parameter of the potential \i 
and the value of n : 



V V My (312) 

*= 0, u* = ^(-l + yi + ^J. 

The fact that the characteristic feature of the tracking solutions. Note also 

that between the scalar field and agegraphic dark energy, evidence of background interactions. 
There is because the dynamics of the scalar field affects agegraphic dark energy. This effect 
is that agegraphic dark energy, having a negative pressure, affect on the rate of expansion 
of the Universe, which affects the Hubble parameter, which is included in the Klein-Gordon 
equation for a scalar field. 

The attractor, once reached, brings to zero the matter density. To allow for the observed 
matter content of the Universe, we have to select the initial conditions, if they exist, in such 
a way that the attractor is not yet reached at the present time, but the expansion is already 
accelerated. 

For example, consider the case when [i = —3, n = 3. The dynamics of such a Universe is 
consistent with the observed data, which will be shown in the following section. We note only 
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Figure 4. Behavior of f2 v (dot line), il q (dash line) and fi TO (solid line) as a function of N = In a for 
n = 3, a = 0.005 and = —3 (left side). Evolution of deceleration parameter for this model (right 
side) . 

that in this model the values of deceleration parameter and the scalar field state parameter 
in the attractor are equal respectively « —0.68, —0.78. 

3.2 Review of the case Q = "iHap^ 

In the above case, the phenomenon of transient acceleration that occurs in such a Universe 
does not match the observations. However, it is possible to fit the observational data with 
this model in the case when dark matter and scalar field interact. In this subsection we 
consider the special case of interaction (3.3) when (3 = 0. 

In figure 4, we show the evolution of £l q , Q m and Vt v for cosmological model in the case 
when a = 0.005, fi = —3 and n = 3. 

From the form of equations and the character of the interaction it can be easily under- 
stood that neither the nature nor the location of the attractor, that have been found in the 
previous subsection dos not change with the inclusion of the interaction. Interaction only af- 
fects the behavior of dynamical variables that are the correspond to trajectory in phase space 
between critical points. This is a consequence of the above degeneracy from the parameters 
of interaction. 

With these values of the parameters of interaction, transient acceleration begins almost 
in the present era. In our model as in most cosmological models, where the scalar field plays 
the role of dark energy it begins to dominate causing a period of accelerated expansion of 
the Universe. Its consequence of the accelerated expansion of the Universe contribution of 
ADE increases, resulting that the background (space) is changing faster than the field and 
it becomes asymptotically free. This field has extremely rigid equation of state that leads to 
the fact that the accelerated expansion of the Universe is slowing down. Soon, however, when 
the contribution of ADE has grows enough so that the scalar field cannot longer impede the 
expansion of the Universe, it begins to accelerate again. 

4 Observational data 

In the present section, we will consider the latest cosmological observations, namely, the 397 
Constitution SNIa dataset [56] . 
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Figure 5. The dependence of the modulus distance from the redshift, theoretically calculated (solid 
red line) by the model with Q = 3H(ap q + f3p m ), a = 0.25, n — 3 (left side) and Q = SHap^, 
a = 0.005, /i = —3 and n = 3 (right side), h — 0.65 kmc -1 Mpc -1 for both models and found the 
results of observations of supcrnovae type la [56] 

The data points of the 397 Constitution SNIa compiled in [56] are given in terms of the 
distance modulus Hobs(zi)- On the other hand, the theoretical distance modulus is denned as 



where fj,Q = 42.38 — 51og 10 h and h is the Hubble constant Hq in units of 100 kms Mpc 



in which E = H/Hq, and p denotes the model parameters. 

Theoretical distance modulus will be different for the different models and comparing 
fHh(zi) with n b s (zi), one can judge the plausibility of an cosmological model. So to under- 
stand whether the theoretical model corresponds to the observational data is enough to know 
the value of E = H/Hq, which is easy to find through a system of equations (3.8). As seen 
from figure 5 our models are in accordance with the observational data. 

5 Conclusion 

The original agegraphic dark energy model was proposed in [35] based on the Karolyhazy 
uncertainty relation, which arises from quantum mechanics together with general relativity. 
The interacting agegraphic dark energy model has certain advantages compared to the orig- 
inal agegraphic or holographic dark energy model. Many studies show that this model gives 
an opportunity to explain the accelerated expansion of the Universe without a cosmological 
constant or some form of the scalar field. All the three models give dynamics of the Universe 
which are virtually indistinguishable from SCM, but without most of its problems, such as 
the cosmological constant, fine tuning and coincidence problems. 

Some authors have recently suggested that the cosmic acceleration have already peaked 
and that we are currently observing its slowing down [40-42]. Under a kinematic analysis 
of the most recent SNe la compilations, the paper [42] shows the existence of a considerable 
probability in the relevant parameter space that the Universe is already in a decelerating 
expansion regime. 



Vth(zi) = 5log 10 D L (zi) +/i 



(4-1) 



whereas 




(4.2) 



One of the deficiencies of original ADE model is the inability to explain the phenomenon 
of transient acceleration. 

Density of holographic dark energy is determined by the surface terms in action, while 
volume terms are usually ignored. We take into account both surface and volume terms, 
where the latter correspond to (described by) homogeneous scalar field with exponential 
potential V(ip). 

We consider a model of Universe consisting of dark matter interacting with a scalar 
field on the agegraphic background. It is shown that this model can explain the transient 
acceleration. This model also is in accordance with the observational data. 
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